
• neutrino astronomy and IceCube

• the diffuse high-energy neutrino flux

• observation of the first sources

• a PeV beam for neutrino physics 

IceCube.wisc.edu

High-Energy Cosmic Neutrinos: a Personal Tour
francis halzen
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opticalmicrowave X-rays gamma-rays cosmic rays

terra incognita

Gravitational waves - ripples in space-time

highest energy “radiation” from the Universe:
cosmic rays

Universe beyond our Galaxy is eventually opaque to gamma rays
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the opaque Universe
p

e+

e-

g + gCMB à e+ + e-

PeV photons interact with microwave photons 
(411/cm3) before reaching our telescopes

enter: neutrinos
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Neutrinos?  Perfect Messengers

e+

e-• electrically neutral
• massless (in this talk) 
• unabsorbed
• unlike g rays, neutrinos are solely created

in processes involving cosmic rays

• … but difficult to detect



?
opticalmicrowave X-rays gamma-rays neutrinos       cosmic rays

cosmic
accelerators ?

Gravitational waves - ripples in space-time

highest energy “radiation” from the Universe:
cosmic rays and neutrinos?

Universe beyond our Galaxy is eventually opaque to gamma rays



highest energy radiation from the Universe: not g-rays !

Fly’s Eye 1991
300,000,000 TeV

high energy
high luminosity



acceleration of electrons and protons 
in the high field regions associated

with the accretion disk and the optically
thick corona of X-rays

cores of active galaxies as cosmic accelerators



cores of active galaxies
and jets

• some of the matter falling into 
a supermassive black hole
is accelerated in a jet along
its rotation axis

• fast spinning infalling matter 
comes in contact with the 
rotating black hole

• spacetime around spinning 
black hole drags on the field 
winding it into a tight cone 
around the rotation axes

• plasma from the accretion 
disk is then flung out along 
these field lines





multimessenger astronomy
p + g à n + p+

à p + p0
o

• gamma rays accompany neutrinos
• gamma rays are absorbed by background (EBL) photons
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10,000 times too small to 
do neutrino astronomy…



• ultra-transparent ice below 1.35 km
• absorption length: 100 ~ 250+ m



IceCube
5160 photomultipliers

instrument one km3 of 
Antarctic ice between
1.4 and 2.4 km depth 





what does IceCube reveal ?
atmospheric muons and
atmospheric neutrinos



signal and background

muons detected per year:

• atmospheric*    µ  ~ 1011

• atmospheric**   n à µ          ~ 105

• cosmic***          n à µ          ~ 200

* 3000 per second
**  1 every 5 minutes

***  depends on precise spectrum



muon neutrino flux
filtered by the Earth:

atmospheric vs 
cosmic

Number of Events per Bin

Data/MC



electron and tau neutrinos (showers)

muon neutrinos through Earth (tracks)

flux F = dN/dE ~ E-2.5



superior total energy
measurement

to 10%, all flavors, all sky

neutrinos interacting 
inside the detector

astronomy: superior 
angular resolution
superior (0.2~0.4o)

muon neutrinos
filtered by the Earth



electron and tau neutrinos (showers)

muon neutrinos through Earth (tracks)

flux F = dN/dE ~ E-2.5



oscillations of PeV neutrinos over
cosmic distances to 1:1:1

oscillating PeV neutrinos (7.5 years starting events)



energy in neutrinos similar to the energy in gamma rays and cosmic rays



• we observe a diffuse flux of neutrinos from 
extragalactic sources

• energy flux of neutrinos in the non-thermal 
Universe is similar to that in gamma-rays

• extragalactic cosmic accelerators outshine 
nearby neutrino sources in our own Galaxy



• the diffuse high-energy neutrino flux

• observation of the first sources

• neutrinos and multimessenger astronomy

IceCube.wisc.edu

High-Energy Cosmic Neutrinos
francis halzen



> 200 cosmic neutrinos (depending on the spectrum)
~12 separated from atmospheric background with E>60 TeV

138322 neutrinos in 2011



neutrinos with probable cosmic origin:
are they correlated to astronomical sources? 

Galactic
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Arrival directions of most energetic neutrino events (HESE 6yr (magenta) & nµ + nµ 8yr (red))

North

South

Galactic Plane
180o

-90o

-180o

absorption
>90%



evidence for non-uniform sky map in 10 years of IceCube data :
mostly resulting from 4 extragalactic source candidates

pre-trial p-value for clustering of high energy neutrinos

hottest spot coincident with 
NGC 1068 (M77)  (2.9s)



NGC 1068 (M77)



limits and interesting fluctuations (?)

NGC 1068
TXS 0506

PKS 1424+240
GB9



neutrinos produced in the gamma-ray obscured core of NGC 1068

range of neutrino flux:
protons versus electrons

accompanying pionic
photons



acceleration of electrons and protons 
in the high field regions associated
with the accretion disk, the optically

thick corona of X-rays, and the base
of the jet.

obscured cores of active galaxies as cosmic accelerators

à active core (radio)
à jet disrupted near core (masquerading blazars)
à not a blazar at the time neutrinos are emitted



interesting fluctuations or neutrino sources?

ongoing program to upgrade the performance of IceCube

• improved detector calibration and ice model (pass 2)

improved muon track reconstruction

• DNN (energy) and BDT (pointing) reconstruction
• point spread function consistent with simulation
• insensitive to systematics
• improved modeling of the optics of the ice

answer very soon…



• point spread function consistent with simulation
• insensitive to systematics

very soon!                 



evidence for non-uniform sky map in 10 years of IceCube data :
mostly resulting from 4 extragalactic source candidates

pre-trial p-value for clustering of high energy neutrinos

hottest spot coincident with 
NGC 1068 (M77)  (2.9s)



4.2s
• 10-year analysis
• new likelihood

method
• new reconstructions

energy/direction
• 1 pe calibration

of individual DOMs

NGC 1068 comes into focus:

3.3s
• new likelihood

method

2.9s
• 10-year analysis

submitted to Science



what about the other sources?
• TXS 0506+056: 3.6sà 3.7s
• PKS1424+240 : 3.0sà 3.7s

PKS 1424+240
TXS 0506+056

ongoing program to improve the focus of the neutrino telescope will
receive another boost with the information on the ice obtained with
the Upgrade’s small string spacings and the new calibration devices



• the diffuse high-energy neutrino flux

• observation of the first sources

• neutrinos and multimessenger astronomy 

IceCube.wisc.edu

High-Energy Cosmic Neutrinos
francis halzen



from light in the ice to astronomer in less than one minute



IceCube 170922
290 TeV

Fermi
detects a flaring
blazar within 0.06o

MAGIC
detects emission of
> 100 GeV gammas





search in archival
IceCube data:

• 100-day flare in 2014

• spectrum E-2.2

• Ln > 1047 erg/s

• no gamma ray flare!



  

Qinrui Liu TeVPA2021 33IceCube Highlights
TXS 0506+056

Garrappa et al. ApJ 880 (2019) 

Lipunov et al [2006.04918]optical

radio

neutrino

gamma
-ray

• multimessenger observations in the time domain          
• change of flux 2 hours after 170922 neutrino
• source is quiet 10 previous and 3 following years                                                 



TXS 0506+056

• two statistically independent observations above the > 3s level

• it is also the second source in the all-sky search

• supported by TeV gamma ray, optical observations and by
radio imaging of the core

• association of IC170922 with optical variation in time domain





> 200 cosmic neutrinos (depending on the spectrum)
~12 separated from atmospheric background with E>60 TeV

138322 neutrinos in 2011



the earth diameter is 1 absorption length at 70 TeV

horizon

vertically down





partially contained event with energy 6.3 PeV

q

q
_

resonant production of a weak
intermediate boson by an anti-

electron neutrino interacting with
an atomic electron



• energy measurement understood
• shower consistent with the hadronic decay

of a weak intermediate boson W
• identification of anti-electron neutrino
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ER = M2
W /[2me]

= 6.32PeV



oscillations of PeV neutrinos over
cosmic distances to 1:1:1

oscillating PeV neutrinos (7.5 years starting events)



tau decay length:
gct = 50m per PeV

tau neutrino production and decay



light from nutau interaction and tau decay

a cosmic tau neutrino with 17m lifetime



oscillations of PeV neutrinos over
cosmic distances to 1:1:1

oscillating PeV neutrinos (7.5 years starting events)



oscillations of PeV
neutrinos over

cosmic distances to 1:1:1



DeepCore



imminent unblinding:

• analysis with a sample of 210,000 atmospheric neutrinos
• 6900 tau neutrinos

(9.3 years and 97.3% purity with energies of 5~55 GeV)



dark matter
annihilation in the sun:

a smoking gun

world-best limits on
spin-dependent cross

sections





velocity-independent limits by combining IceCube (sensitive
to low velocity) and PICO (sensitive to high velocity) data 



IceCube dark matter targets

also, absorption of cosmic
neutrinos on dark matter



supernova 1987a: 24 neutrinos, thousands of papers



Livermore Garching

quark star black hole



gravitation wave
fundamental frequency:

<latexit sha1_base64="0Jpgr+MikQ9/ao4W4sza2unmI4k=">AAACAHicbVBNS8NAEN3Ur1q/qh48eFksgqeSlKJehKIHPVawH9CEsNlu2qWbTdidCCX04l/x4kERr/4Mb/4bt20O2vpg4PHeDDPzgkRwDbb9bRVWVtfWN4qbpa3tnd298v5BW8epoqxFYxGrbkA0E1yyFnAQrJsoRqJAsE4wupn6nUemNI/lA4wT5kVkIHnIKQEj+eWj0M9uOxN8hWvYBR4xjUPflalfrthVewa8TJycVFCOpl/+cvsxTSMmgQqidc+xE/AyooBTwSYlN9UsIXREBqxnqCRmlZfNHpjgU6P0cRgrUxLwTP09kZFI63EUmM6IwFAvelPxP6+XQnjpZVwmKTBJ54vCVGCI8TQN3OeKURBjQwhV3NyK6ZAoQsFkVjIhOIsvL5N2reqcV+v39UrjOo+jiI7RCTpDDrpADXSHmqiFKJqgZ/SK3qwn68V6tz7mrQUrnzlEf2B9/gD+KJVm</latexit>

fGW = 2⇥ f⌫



next attraction: gravitational waves + neutrinos?

(August 17, 2017 neutron star merger: jet not aligned L) 



buildup of magnetic fields near merger launches jet

Rosswog and Ramirez-Ruiz



very weak short GRB
seen by Fermi

(off axis)

neutron star mergers



icecube.wisc.edu

neutrino astronomy 2022

• it exists

• more neutrinos, better 
neutrinos, more telescopes

• closing in on cosmic ray 
sources

• [are active galaxies with 
obscured cores the sources 
of cosmic rays?]

• two beams for neutrino 
physics





IC 190730: 300 TeV
• coincident with

PKS 1502+106
• radio burst

a second cosmic ray source ?



g-ray

radio

300 TeV
neutrino
produced

PKS 1502+106

target 
moves
through 
the jet:
blocks
photons

2009.09792 [astro-ph.HE]

https://arxiv.org/abs/2009.09792


NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earthn and g beams : heaven and earthNEUTRINO BEAMS              

à a target efficient at converting 
protons into neutrinos is unlikely to 
be transparent to high energy 
photons.

à examples: diffuse flux below
100 TeV, TXS 2014-15 burst,
NGC 1068 and even IC170922

à the energy in pionic photons is
absorbed in the target and likely to
appear at MeV energies or below.



the pg efficiency dilemma

• efficiency for producing the neutrinos 
in the photon target:

• likelihood of the multimessenger
photons to be absorbed in target

à therefore, with

à do not expect high energy gamma
rays to accompany cosmic neutrinos

à blazar jets are out 
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Rescape ⇠ Rtarget

NEUTRINO BEAMS      
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TXS 0506+056: a “masquerading” blazar

• we observe gamma-ray obscured neutrino flares, also from
TXS 0506+056

• optical and radio observations suggest that neutrinos are 
produced in the obscured core as is the case for NGC 1068 



• the extreme Universe is opaque to the EM spectrum
• non-thermal Universe powered by cosmic accelerators
• probed by gravitational waves and neutrinos



nearby
radiation

supermassive
black hole

à p + p0
~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earth

p + g à n + p+
~ cosmic ray + neutrino

n and g beams : heaven and earth
accelerator is powered by
large gravitational energy



standing on the shoulder of giants

1987: DUMAND test string

… success with Baikal and Antares



M. Markov
1960

B. Pontecorvo

M.Markov :
we propose to install detectors 
deep in a lake or in the sea and 

to determine the direction of 
charged particles with the help 

of Cherenkov radiation.



• lattice of photomultipliers neutrino

a muon neutrino 
produces a muon

with a range of 
kilometers



…K, charm



g

p

n

• gamma rays accompanying IceCube neutrinos interact
with the gamma ray target producing the neutrinos and
with interstellar photons on their way to earth

• the gamma rays fragment into multiple lower energy gamma 
rays that reach Earth

e+

e-
g



e+

e-

g

~10 GeV
or less!

PeV

g + gCMB à e+ + e-
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∞-ray-transparent sources

PL Inelasticity 5yr

PL Cascades 6yr

PL ∫µ 9.5 yr

PL HESE 7.5 yr

Fermi IGRB

IceCube HESE 6yr

IceCube Cascade 4yr

n
g

the neutrino sources are opaque to gamma rays



correlation between
cores of active galaxies

and
cosmic neutrinos

(g = -2.03; 2.6s post trial)

selection:
• X-ray catalogues 2RXS + XMMSL2
• IR WISE catalogue: X-rays associated with the core produce infrared

light on dust at the center of the galaxy





multimessenger astronomy
p + g à n + p+

à p + p0
o
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� + �EBL ! cascade

• efficient neutrino production sites are
likely to be optically thick to gamma
rays

• expect no correlation between gamma-ray 
and neutrino activity

• gamma rays lose energy on the target that
produces neutrinos even before reaching
the EBL



muon neutrino flux filtered by the Earth: atmos. vs astrophysical



avoid >105 trials à search 110 preselected source candidates



global robotic network of
optical telescopes

connects TXS 0506+056
to IC170922A in the time

domain

“MASTER found the blazar in the off-state after one minute 
and then switched to on-state two hours after the event. 
The effect is observed at a 50-sigma significance level”



IceCube 170922
290 TeV

Fermi
detects a flaring
blazar within 0.06o

MAGIC
detects emission of
> 100 GeV gammas



search in archival
IceCube data:

• 100-day flare in 2014

• spectrum E-2.2

• Ln > 1047 erg/s

• no gamma ray flare!



• MAGIC, HESS and VERITAS: TeV flux is highly variable and there is no TeV
gamma ray emission at the time the neutrino is produced

• MAGIC: onset of the TeV flux 5 days after IC170922

• confirmed by MASTER: the blazar switches from the “off” to “on” state 2 hours
after the neutrino

gamma rays in 2017 at the time the neutrino is produced ?
consistent with an obscured source, not a blazar



1912.01743v1
[astro-ph.GA]

A&A. 630 A103
A&A. 632 C3

RADIO INTERFEROMETRY

• core brightening observed in a radio burst that 
started 5 years ago

• beyond 5 milliarcseconds the jet loses its tight 
collimation

• jet found a target after tens of pc to
produce neutrinos

• obscures the gamma rays
• obscured core: accretion disk,

X-ray cocoon, base of the jet, BLR
clouds…, we need higher resolution …




